INTRODUCTION
============

Cancer is the second leading cause of mortality in the U.S with most of the deaths resulting from metastatic tumor formation at secondary sites. Deaths occur despite radio- and/or chemotherapy treatments [@B1]. One of the primary causes of this high rate of tumor recurrence and mortality is due to a small population of cancer stem cells (CSC) that evade therapy. The stem cells are characterized by their ability to generate new tumors and their frequent multi-drug resistance (MDR) [@B2]. Therefore, it is critical to develop new chemotherapeutic drugs or alternative approaches to treatment that are safer for the patient and more effective in eradicating the tumor One such alternative is the use of naturally occurring phytochemicals present in foods such as vegetables, fruits, spices and plant roots [@B3]. Recent reports have demonstrated anti-oxidant, anti-inflammatory, anti-proliferative and pro-apoptotic effects of various phytochemicals [@B3]-[@B5] Moreover, the pro-apoptotic and anti-proliferative effects of phytochemicals indicate their ability to inhibit the growth of several types of cancers of blood, skin, brain, colon, ovaries, breast, prostate and pancreas [@B2]. However, existing data using either individual and/or combination of 2 to 3 phytochemicals in *in- vitro* and *in-vivo* cancer models did not demonstrate a complete eradication of cancer cells [@B6]-[@B8].

Several studies have been conducted to elucidate the mode of action of a number of phytochemicals. The anti-cancer effect of Curcumin (Curcuma root extract, also known as turmeric) results from its ability to inhibit tumor growth and metastasis. Curcumin and its derivatives inhibit the proliferation of breast cancer (BC) cell lines and induce apoptosis [@B9]-[@B11]. In the BC cell line MDA-MB-231, cellular proliferation was inhibited via down-regulation of the expression of the cell cycle regulator cyclin D and NF-кB. Further, metastasis was inhibited through down-regulation of the expression of MMP-1[@B12].

Isoflavone (Genistein), a naturally occurring chemical in soybeans, has a protective effect against localized prostate cancer, non-small cell lung cancer, and estrogen and progesterone receptor positive (ER+, PR+) breast tumors [@B6],[@B13]-[@B15]. Using similar mechanisms to that of Curcumin, Genistein sensitizes cancer cells to chemotherapeutic drugs and induces breast, pancreatic and prostate cancer cell death by promoting the expression of pro-apoptotic proteins, inactivating NF-кB, and inducing cell cycle arrest [@B16]-[@B18].

Indol-3-Carbinol (I3C), extracted from cruciferous plants, plays an important role in inhibiting carcinogenesis by protecting cells from oxidative stress due to formation of reactive oxygen species (ROS), known to promote cancer development [@B19]. The chemical derivative of I3C, 1-Benzyl-indole-3-carbinol has a 1000 fold higher activity than I3C in inhibiting the growth of both estrogen-dependent and -independent breast tumors [@B20]. I3C also plays an important role in sensitizing BC cells to the chemotherapeutic drug tamoxifen [@B20]. In MDA-MB-231 BC cell line, another member of I3C, 3′-diindolylmethane (DIM) induced apoptosis and inhibited angiogenesis by suppressing the activity of the Akt/NF-кB signaling pathway. I3C was shown to inhibit bone metastasis of MDA-MB-231 breast cancer cells in a SCID mouse model [@B21].

In a recent study, extract from the blue green algae *Spirulina platensis*, combined with selenium (an element with anti-cancer activity), was shown to inhibit the growth of MCF7 BC cell line. This combination is believed to induce cell cycle arrest at G1 stage by inhibiting cyclin dependent kinases CDK4 and CDK6 and their partners cyclin D1 and cyclin D3. *Spirulina* extracts also increased the level of the tumor suppressor p53 and p21Cip1/WAF1 and triggered DNA fragmentation, up-regulated the expression of the pro-apoptotic proteins Bax, Caspase-8, Caspase-9, and the cleavage of DNA repairing enzyme poly (ADP) ribose polymerase (PARP) [@B22]. The active compound of these extracts, C-phycocyanin (C-PC) is a water-soluble biliprotein that has anti-inflammatory and anti-oxidant effects and has been reported to induce apoptosis in MCF7 breast cancer cells [@B22]. Our previous studies have demonstrated that spirulina inhibited rat liver toxicity and carcinogenesis induced by dibutyl nitrosamine (DMB) precursors [@B23]. We showed inhibition of Bcl2 and RB expression as well as increased P21 and Bax during this chemoprevention.

Grape seed extract contains Resveratrol (RE) that inhibits cancer cell proliferation by triggering cell cycle arrest through cell cycle regulatory proteins such as cyclin E and cyclin D1. Furthermore, resveratrol induces apoptosis by up-regulating the expression of tumor suppressor genes p21Cip1/WAF1, p53, the pro-apoptotic protein Bax, activating Caspase apoptotic signals, and down-regulating the expression of the anti-apoptotic proteins Bcl-2, Bcl-X~L~ and survivin [@B24]-[@B26] We demonstrated that resveratrol synergizes with Indole 3 Carbinol to inhibit proliferation and survival of ovarian cancer cells, by down regulating SVV [@B27].

Quercetin is a plant-derived flavonoid present in fruits, vegetables and tea [@B28]. Quercetin induces cell apoptosis through a multi-targeting mechanism by inducing the expression of Bax and activating TRAIL-induced apoptosis. Quercetin also suppresses the activity of Bcl-2 protein family and induces the DNA fragmentation process [@B28]-[@B30].

In addition to the mechanisms described above, phytochemicals can also exert anti-metastatic action by altering the activity and/or expression of some cell adhesion molecules that are mainly responsible for cancer promotion [@B31],[@B32]. One such molecule, CD44, is significantly up-regulated during cancer cell growth, primarily during metastasis. In addition, CD44 is responsible for cell motility and contributes to the ability of cells to metastasize [@B33].

The aim of the present investigation is to analyze the ability of combinations of the naturally available phytochemicals to inhibit cancer cell growth migration and invasion, and induce apoptosis, when used at bioavailable levels. Use of phytochemicals may provide a promising strategy for treating cancer without harmful side effects that are usually observed in the currently used chemo- and radio-therapies.

MATERIALS AND METHODS
=====================

Cell culture and proliferation assay in the presence of Phytochemicals
----------------------------------------------------------------------

MDA-MB-231 and MCF-7 BC cell lines were plated on clear bottom black 96 well plates (2000 cells/well) and cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and 1% penicillin and streptomycin (0.1 ml/well). Mesenchymal Stem Cells (MSCs), kindly provided by Dr. David Welsh (LSU Health Sciences Center, New Orleans), were cultured in MEM-Alpha (GIBCO, Gaithersburg, MD) supplemented with 16.5% of Bovine Serum Albumin (BSA) (Atlanta Biologicals, USA) and 1% L-Glutamine (GIBCO, Gaithersburg, MD). The phytochemicals Indol-3-Carbinol (I3C), Resveratrol (RE), C-phycocyanin (PC), Isoflavone (Genistein, GA), Curcumin (CUR) and Quercetin (Qurc) (Sigma, St. Louis, MO) were dissolved in 70% ethanol and used at bioavailable levels (I3C: 4 µg/ml; RE: 0.5 µg/ml; GA: 3 µg/ml; CUR: 2.25 µg/ml; PC: 50 µg/ml and Qurc:1.5 µg/ml). The concentration of PC (50 µg/ml) was determined after titration with a range of concentrations (1-500 µg/ml). For treatment of cells, stocks were prepared from each of the phytochemicals in a way that a single well received not more than 10 μl of ethanol. Control wells received 10 μl of ethanol (vehicle), a nontoxic dose of alcohol as determined from previous studies. The suppression of cell growth was determined using the Alamar Blue cell proliferation assay (Alamar Biosciences, Sacramento, CA), according to the manufacturer\'s specifications. The oxidized form of this dye, which is non-toxic to cells, is converted to the reduced form by mitochondrial enzyme activity of the viable cells. The shift in fluorescence was measured at 570 nm (excitation) and 600 nm (emission) in a Fluorometer (LabSystems Fluoreskan-II) 4 h after addition of the dye. The results are expressed as a percent of MSCs proliferation. MSCs were used in all experiments as negative controls.

Wound healing assay
-------------------

BC cell lines MCF7 and MDA-MB-231 were seeded in six-well plates (5x10^5^cells/well) and allowed to adhere for 24h. The cells were kept at 2% FBS overnight for synchronization. The cells were washed with phosphate buffer saline (PBS), scratched with a pipette tip in the middle of the plate, and was then washed with PBS to remove the cells which had detached during the scratch [@B34]. After washing with PBS, media was added containing various concentrations of the phytochemicals, either individually or in combination and photographed at at 5,10,16 and 31 hrs.

Invasion assay
--------------

MCF7 and MDA-MB-231 cells were cultured on 60 mm dishes and allowed to adhere for 24 h, washed with (1X) sterile phosphate buffer saline (PBS) and replaced with fresh media containing the six phytochemicals as stated above. After 24 h, cells were washed twice with PBS, trypsinized and collected. The harvested cells (50,000cells/well) were re-suspended in DMEM supplemented with 0.5% BSA. MCF7 and MDA-MB-231 cells were respectively plated in 12 µm and 8 µm pore size Millicell culture inserts (Millipore, MA) previously coated with a thin layer of 200 µg/ml of Matrigel™ (BD Biosciences, MA). The inserts containing the cells were placed into a tissue culture dish (lower chamber) with the "attracting medium" which consisted of DMEM supplemented with 10% FBS. Cells were incubated for 22h at 37°C after which the Millicell culture insert was removed and the upper surface of the insert was wiped with a cotton swab to remove non-invasive cells. The inserts were dried under laminar flow hood, the cells present on the bottom of the filter (the invasive cells) were stained using the Diff-Quick staining kit, according to the manufacturers\' protocol (Dade Behring Inc., Illinois, USA), and the stained cells were counted under a phase-contrast microscope equipped with ocular grids.

Cell cycle analysis
-------------------

MCF7 and MDA-MB-231 cells were plated in 60 mm dishes (1x10^6^cells/dish) and were allowed to attach for 24h. The cells were synchronized by culturing them overnight in media with 1% FBS. The cells were washed twice with PBS and the culturing media was replaced with fresh media enriched with 10% FBS along with the super combination of the six phytochemicals. At time points of 0, 6,12, 24 h the cells were harvested by trypsinization, washed with PBS, fixed overnight in 70% ice cold ethanol, and the DNA was stained with propidium iodide after RNAse treatment according to standard protocol \[27,\]. Cell cycle analysis was performed by flow-cytometry (BD Biosciences, USA) and cells in G0/G1, S, G2/M and the sub-G0/G1 (apoptotic) phases were quantified.

Western blot analysis
---------------------

We analyzed the expression levels of proteins involved in the molecular pathways such as cell cycle regulation and apoptosis by Western blot analysis. MDA-MB-231 and MCF-7 cells were treated with the same concentrations of the above-described phytochemicals. Following 24 and 48 hours of treatment, total cell lysates were collected using RIPA buffer (Santa Cruz, CA). Equal amounts (30 μg) of total cell extracts were separated by 12% SDS-PAGE, transferred to nitrocellulose membranes, and Western blot analysis was performed by probing the membranes with a number of primary antibodies as follows: anti-rabbit Bcl-2 (1:500 dilution; BD Pharmingen), anti-mouse PCNA (1:500 dilution; DAKO), anti-mouse CD44 (1:1000 dilution; R&D Biosystems), anti-rabbit CDK-4, SVV, p53, and Rb (1:500 dilution, Santa Cruz Biotechnology, CA). Proteins were visualized using Supersignal horseradish peroxidase according to the manufacturer\'s instructions (West Femto Super Signal, Thermo scientific). Equal loading of the protein samples was assessed by re-probing the membrane with Actin antibody (1:2000 dilution; Santa Cruz Biotechnology, CA).

Microarray Analysis
-------------------

MDA-MB-231 cells were treated with ethanol alone (control) or with the above-mentioned concentrations of the six phytochemicals for 6, 12 and 24 h. Procedures for cDNA synthesis, labeling, and hybridization were carried out as described by the manufacturer (Affymetrix, Redwood City, CA). All experiments were performed using human genome U133 plus 2.0 GeneChips as described by the manufacturer. Total RNA was extracted using the Qiagen RNeasy kit according to the manufacturer\'s protocol. The quantity and quality of the RNA were analyzed using the NanoDrop ND-1000 Spectrophotometer and RNA Nanochip and Bioanalyzer 2100 (Agilent, USA). All RNA samples exhibited a RIN value of 7 or greater. Briefly, 100 ng of total RNA was used for first-and second strand synthesis and in vitro transcription (IVT) reaction using the 3\'-IVT Express Kit. The mRNA was processed for hybridization using the GeneChip Hybridization, Wash, and Stain Kit. For overnight hybridization, 15 μg of fragmented mRNA was used in the Hybridization Oven 640, washed, stained with streptavidin-phycoerythrin using a microfluidics workstation, and scanned with the High Resolution 3000 7G Scanner (Affymetrix). Signal and background intensities were quantified by pixel intensity, and expression signals were analyzed using the GeneChip Operating Software (GCOS 1.4). Array quality assessment was analyzed using GeneChip Expression Console. In brief, the raw CEL files were processed in Expression Console using the robust multichip average (RMA) workflow for 3\'-expression arrays. All array images and quality control measurements were consistent and within acceptable limits.

The RMA normalized log2-data file from each array was exported and analyzed for fold change relative to the control sample. In addition, detection of call metrics (present, marginal, absent) were determined using the MAS5 algorithm (Affymetrix). Transcripts that were absent across all conditions were removed from further analysis and the top 100 transcripts with the largest fold change were used for further analysis.

To assess the integrity and specificity of the Affymetrix probe sets to detect a single unique transcript, analysis was carried out using the GeneAnnot application (<http://genecards.weizmann.ac.il/geneannot/index.shtml>). Probe sets that recognized multiple genes or transcripts were removed. The high integrity transcripts were used for functional analysis using the DAVID Bioinformatics Resource 6.7 (<http://david.abcc.ncifcrf.gov/>). Enrichment analysis for pathways and gene ontology was carried out using default setting.

Statistical analysis
--------------------

Data from triplicates were analyzed by Prizm software and Means were calculated and compared using t- test. Results were presented as Mean ± S.E.M. of at least triplicates or replicates from three experiments and the data were analyzed statistically using Newman-Keuls multiple comparison test and Student\'s t-test using Graph Pad Prism 2.01. Differences with P \< 0.05 were considered significant.

RESULTS
=======

Assessment of the effects of phytochemicals on cell proliferation
-----------------------------------------------------------------

We were interested in determining the effects of phytochemicals on BC cell lines (MCF7 and MDA-MB-231) when used in combination at physiologically-relevant doses achievable with oral dosing (bioavailable levels). Pursuant to this goal, we tried several combinations of ten phytochemicals and analyzed their ability, both individually and in combination, to inhibit cell proliferation and/or induce cell death (data not shown). Based on this preliminary analysis a combination of six phytochemicals (6-combination) was identified. In order to \'determine the effect of these six phytochemicals on cellular proliferation, Alamar-Blue assay was used as an indicator for the number of viable cells. In this assay, treatment of MSCs with the 6-combination was used as a control and was considered as 100% in comparison with BC cells treated with the various phytochemicals. A moderate effect was observed for each of I3C and Quercetin on MCF7 cell proliferation by day five and six of individual phytochemical treatment (fig.[1](#F1){ref-type="fig"}, left panel). In contrast to the results observed for the individual compounds, a moderate, yet significant decrease of cellular proliferation was observed in the presence of the combination treatment on the first day of treatment. This effect continued throughout the treatment reaching maximum level of inhibition by day six with an 8-fold decrease of cell proliferation (Figure [1](#F1){ref-type="fig"}). Similarly, the treatment of MDA-MB-231 metastatic BC cell line with each phytochemical individually resulted in no detectable effect on the proliferation of the treated cells throughout the course of the experiment, with the exception of a moderate inhibition with I3C by the third day of treatment. Similar to what was observed with the MCF7 cells, treatment with the 6-combination on the MDA-MB-231 cells showed a significant suppression in the number of proliferating cells by day six (Figure [1](#F1){ref-type="fig"}, right panel). When the cells were exposed to the phytochemical combination for 8 days, all the cells were found to detach, float up and were lost. These data suggest a synergistic mode of action of the individual phytochemicals in the 6-combination treatment for affecting the proliferation of BC cells.

In order to determine whether cell death contributed to these observed effects on proliferation, we examined the cellular morphology of MCF7 and MDA-MB-231 BC cells on day 1 and day 2 of 6-combination treatment using phase contrast microscopy. MCF7 and MDA-MB-231 cells exhibited a smooth epithelial cell pattern with prominent nuclei on day 0 of experiment (before treatment). In contrast both MCF7 and MDA-MB-231 cells treated with the 6-combination started to lose cell-cell contact after 24 h. After 48 h the cells detached from the surface of the tissue culture dish, indicating the cell death (Figure [2](#F2){ref-type="fig"}).

In contrast, cells treated with the vehicle control (1% ethanol) showed no detectable effects on the cultured cells at both day 1 and day 2 of treatment (data not shown). These results indicate that the observed decrease in proliferation rate may be the result of reduced cell numbers due to increased cell death.

Effect of the six Phytochemicals combination on apoptosis of MCF7 and MDA-MB-231 cell lines
-------------------------------------------------------------------------------------------

In order to determine whether the observed inhibition of cell proliferation was caused by an increase in apoptosis, a cell cycle FACS analysis was conducted on MCF7 and MDA-MB-231 cells treated with the 6-combination for different time intervals (0, 6, 12 and 24 h). We determined the amount of sub-2N DNA species, which is indicative of DNA fragmentation characteristic of apoptosis. Treatment of both cell lines with the 6-combination resulted in a significant increase of sub-2N DNA species, indicative of the induction of apoptosis reaching 40-50% for MCF7 cells and only 5% for MDA-MB-231 cells by 24h of treatment (Figure [3](#F3){ref-type="fig"}). The differences in the extent of apoptosis between the two cell lines is consistent with our proliferation data (Figure [1](#F1){ref-type="fig"}), which may result from an increased resistance of metastatic BC cell lines to the phytochemical treatment.

Effect of SC treatment on cell migration and invasion
-----------------------------------------------------

Treatment of MCF7 cells with the phytochemical combination inhibited their migratory ability, represented by the inability of these cells to close the wound after 31 h of treatment (figure not shown), a time period in which the control cells could completely heal the wounded area. Moreover, the highly metastatic MDA-MB-231 cells showed similar results to that of MCF7 cells. The untreated cells closed the wounded area by 10h in comparison to the 6-combination treated cells that took more than 16 h to close the same area (figure not shown).

In the invasion assay we observed a greater than 80% reduction in cell invasion ability upon treatment with the 6-combination therapy, a result observed with both MCF7 and MDA-MB-231 cells (Figure [4](#F4){ref-type="fig"}).

Mechanism of action of the six phytochemicals in combination
------------------------------------------------------------

In western blot analysis of both cell lines we observed a significant decrease in expression of the cell proliferation marker PCNA, the cell cycle regulator Rb and the cell cycle-dependent kinase CDK4 (Figure [5](#F5){ref-type="fig"}, top panel). We also observed a significant decrease in the expression of the anti-apoptotic proteins Bcl-2, SVV and the cell motility protein CD44 Interestingly, we observed a significant decrease in the expression of mutated p53, the oncogenic form of p53, in the MDA-MB-231 cells. In contrast, we observed a highly significant (29 fold) induction of the wild-type p53, the tumor suppressor form of p53 in the MCF7 cells (Figure [5](#F5){ref-type="fig"}, bottom panel). Taken together, these data support our hypothesis that the 6-combination therapy plays a central role in the induction of cancer cell death through simultaneous targeting of several different pathways important for inhibiting cancer cell migration, invasion, proliferation, and survival.

Determination of cellular targets of 6-combination treatment
------------------------------------------------------------

In the microarray analysis, a time dependent down-regulation of the anti-apoptotic Bcl-2 and SVV genes were recognized. Additionally, significant down regulation of CD44 and mutant p53 (cancer cell migration promoting proteins) were observed, and a less significant down regulation of cell cycle regulatory proteins CDK4 and Rb were detected (Table [1](#T1){ref-type="table"}). Further, microarray analysis revealed 4 genes that were highly up-regulated by the SC treatment: ARC \[activity-regulated cytoskeleton associated protein, 13.5 fold\]; GADD45B \[growth arrest and DNA damage-inducible, beta, 18.5 fold\]; MYLIP \[myosin regulated light chain interacting protein, 18.3 fold); CDNK1C (cyclin dependent kinase inhibitor 1C(p57, Kip2), 16.9fold\]. These represent genes involved in regulation of cell motility, apoptosis, cell cycle and survival.

DISCUSSION
==========

Dietary phytochemicals have been shown to be effective in killing a variety of cancer cells in vitro, when used in pharmacologic concentrations [@B1]-[@B30]. In spite of these effective anti-cancer actions, the use of these phytochemicals at high concentrations not achievable by oral dosing after long regimen of treatment [@B35] have prevented their use in clinical studies. Here we evaluated the separate and combined effects of six phytochemicals (Curcumin, Genistein, I3C, C-PC, - RE and Quercetin) at their bioavailable levels against primary and metastatic BC cell lines over a period of 6 days. We hypothesized that these compounds would work together in an additive / synergistic manner by altering the expression of several cellular targets to alter several tumor hallmarks such as uncontrolled cell growth and proliferation, evasion of cell apoptotic signals, induction of cell motility and invasion, and to inhibit cancer progression.

The separate and combined effect of these phytochemicals on the proliferation of primary MCF7 BC cells and the highly metastatic MDA-MB-231 BC cells were tested through the application of the above mentioned phytochemicals in cell growth media. Our results revealed that exposure of MCF7 cells to the 6-combination resulted in a significant reduction in proliferation rate by day 2 of the experiment, an inhibition that increased significantly by the sixth day resulting in a nearly 80% reduction in cell growth. Interestingly, no reduction in proliferation rate of the control MSCs was seen with the six phytochemicals combination treatment (Figure [1](#F1){ref-type="fig"}). Similarly, the combined phytochemicals also inhibited the proliferation of the highly metastatic MDA-MB-231 cells by day three of treatment, which like the MCF7 cells decreased by more than 80% on the sixth day of the experiment (Figure [1](#F1){ref-type="fig"}). The resistance that MDA-MB-231 cells showed to phytochemical treatment is consistent with the known resistance of metastatic cancer cells to chemo-and radio-therapeutic treatment. These results, which demonstrate that the effect of the combination treatment is much greater than the effect of the individual phytochemicals, supports our hypothesis that the combined phytochemicals are working together to inhibit cell growth and migration (metastasis).

In order to investigate whether the reduction in cellular proliferation induced by 6-combination treatment results from inhibition of the cell cycle or by a reduction in number of cells due to induced cell death, we assessed the changes in cell morphology after day 1 and day 2 of 6-combination treatment. The data revealed significant changes in cell morphology reflecting the hallmarks of cell apoptosis by day 1 of treatment. At day 2 dead cells showed up floating in the culture media of both cell lines. Further consistent with an increase in apoptosis, FACS analysis showed a significant increase in apoptosis of MCF7 cell line after 12 hr of SC treatment, reaching highly significant levels (\~70%) at 24 hrs (Figure [3](#F3){ref-type="fig"}). FACS data indicated only 5% apoptosis for MDA-MB-231 after 24 h of SC treatment (Figure [3](#F3){ref-type="fig"}), which as described above, may result from the increased resistance of these metastatic BC cells to therapy during this short period of treatment (Figure1, bottom panel).

In order to understand the molecular mechanisms contributing to the observed decrease in proliferation and increased apoptosis, we examined the expression levels of several proteins known to be important for these biological processes (Figure [5](#F5){ref-type="fig"}). We observed a significant reduction in expression of PCNA in both cell lines. Further, we observed a significant decrease in the expression of the cell cycle regulators CDK4 and its downstream target Rb, indicating a possible arrest of the cell cycle (Figure [5](#F5){ref-type="fig"}, top panel). Moreover, there was a significant inhibition in the expression levels of the two anti-apoptotic proteins Bcl-2 and SVV, a member of the inhibitor of apoptosis protein (IAP) family, after 6-combination treatment of both cell lines (Figure [5](#F5){ref-type="fig"} bottom panel).

The 6-combination also had a profound effect on the migration and invasive capacity of both MCF7 and MDA-MB-231 cells. Treated cells were unable to migrate into the wounded area in a wound healing assay during a time period in which the control cells healed properly. Similarly SC treatment caused an 80% reduction in the invasive capability of both cell lines. CD44 is a molecule that has been shown to be responsible for cancer cell motility and for invasion, through the expression of its downstream targets cortactin (CTN) [@B33] and survivin, as shown by us previously [@B36]. Here, we demonstrated that CD44 levels were decreased upon treatment with the 6-combination (Figure [5](#F5){ref-type="fig"}). This decrease in CD44 expression suggests that the 6-combination affects cancer cell motility and invasiveness, in part through altering its expression.

We found the results of the expression of p53 highly interesting. . The expression of wild type p53 (Wt p53) is altered in cancer cells by either down-regulation of its expression as in most primary cancer cells, or by mutation of its DNA-binding domain as in most metastatic tumors (37-39). All of these changes suppress p53 function as a guard of the human genome during cell replication. Consistent with this fact, the presence of mutated p53 in colon cancer patients is often used as an indicator of poor survival and its level is greatly increased in high graded metastatic cases acting as adverse prognostic factor for cancer treatment [@B40]. Further, mutated p53 is known to have an oncogenic function by inducing cell growth, enhancing colony formation, and promoting invasion and migration [@B41]. Inhibition of mutated p53 in HepG2, hepatocellular carcinoma cell lines using interfering RNA technology results in inhibition of cell growth and invasion ability [@B42]. In contrast to the oncogenic nature of mutated p53, wt p53 is known to have tumor suppressor functions [@B39].

In the data presented here, a combination of 6 phytochemicals induced a marked reduction in the expression of mutated p53 in MDA-MB-231 metastatic cell line. Loss of the mutated or oncogenic form of p53 in MDA-MB-231 cells and an increase in expression of Wt p53, the tumor suppressor form of p53 in MCF7 cells is consistent with our observed alterations of the normal cancer phenotypes. The knock down of Wt P53 in MCF7 cells was previously demonstrated to increase the cell resistance for chemotherapy [@B43]. Interestingly, treatment of MCF7 cells with the six phytochemical combination greatly restored the expression of Wt p53. This induction of Wt p53 would sensitize the primary BC cells for chemotherapy by suppressing the transcription of breast cancer resistance protein (BCRP) via NF-кB pathway [@B44]. The expression of Wt p53 and mutated p53 are regulated from the same promoter in both MCF7 and MDA-MB-231 cells. However, we observed very different effects on p53 expression between these two cell lines upon treatment with the 6-combination. Therefore, we believe that the effect of combination on the expression of wild type and mutant p53 can not necessarily occur at the level of transcription and is most likely caused by a post-transcriptional modification through regulation of hyper-methylation or histone de-acetylation enzymes.

Finally, we tested the change in expression levels of the above mentioned gene targets in the BC metastatic cell line MDA-MB-231 using microarray approach. The data showed significant down regulation of Bcl-2, SVV, CD44, mutant p53, CDK4 and Rb on the transcriptional level after 24 h of 6-combination treatment (Table [1](#T1){ref-type="table"}). Further, new targets have been identified for the up-regulated genes at 24 h of 6-combination treatment. Interestingly, a recent *in-vivo* study of chemo-preventive effect has demonstrated the synergism of a phytochemical combination either through topical or dietary administration in preventing skin cancer development [@B45].

In summary, our data suggest that treatment of primary and highly metastatic BC cell lines with the physiologically relevant levels of six phytochemicals in combination causes a significant reduction in cell proliferation, motility, invasion with a concomitant induction of apoptosis. Six combination treatment caused a marked suppression in proliferation, motility and invasion of even the resistant MDA-MB-231 cells. Moreover, the study indicated that the phytochemical combination markedly inhibited the expression of the cell adhesion molecule CD44, which is metastasis-initiating factor. CD44 is also known as a marker for BC stem cells, the only sub population of cancer cells which have the ability to promote new tumor formation at secondary sites and are known to have a high resistance for cancer chemo-and radio therapies. In the present study we did not investigate the effects of this phytochemical cocktail on BRCA1 and BRCA2. However previous studies [@B46]-[@B48] have shown that BRCA1 and BRCA2 are molecular targets for four of the six compounds (Indole-3-carbinol, Resveratrol, Genistein and Curcumin) used in this phytochemical cocktail. Thus, it will be of great interest to evaluate any synergistic or additive effects of this cocktail on expression of BRCA1 and BRCA2. Further, we previously demonstrated that I3C and RE synergize to effectively kill ovarian cancer cells [@B27], thus making this super cocktail effective against this cancer also. Future experiments include animal studies using mouse xenograft model to evaluate the *in-vivo* toxicity and efficacy of the phytochemical super cocktail treatment to prevent and/or regress BC tumors as well as possible use of the highly up-regulated novel genes as markers to follow-up progress of therapy.
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![Effects of each of the phytochemicals alone or their combination on cell proliferation of MCF7 cells (Top panel) and the highly invasive MDA-MB-231 cell line (Bottom panel) assayed with Alamar-Blue dye. Cells were treated over a 6 day period and Alamar-Blue assay was performed daily as described under methods. The data is expressed as percent of growth ± SEM, as compared to the negative control MSCs (100%), unless noted otherwise. Level of significance is denoted as follows: \*, p \<0.05; \*\*, p\<0.01; \*\*\*, p\<0.001.](jcav04p0703g001){#F1}

![Effect of the phytochemical combination on MCF7 and MDA-MB-231 cell morphology. MCF7 and MDA-MB-231 cells at day 0 exhibited a smooth epithelial cell pattern with prominent nuclei. In contrast the cells treated with the 6-combination start to lose cell-cell contact and attain more rounded shape at day 1. By day 2, cells cluster together, demonstrate membrane blebbing, and start to detach from the dish (original magnification, X100).](jcav04p0703g002){#F2}

![Flow cytometry data analysis of MCF7 and MDA-MB-231 cells after the 6-combination treatment. Data demonstrate a non-significant effect of phytochemicals at cell cycle stages after 6h of 6-combination treatment of both cell lines. Meanwhile, a significant increase in cell apoptosis at 24 h of MCF7 cells treatment with six phytochemicals in combination, and only a small increase in cell apoptosis of treatment of MDA-MB-231 cells. In the top panel, representative flow cytometric diagrams are given. **A**: MDA-MB-231 control at 0 hr. **B**: MDA-MB-231 treated for 24 hrs. **C**: MCF-7 control. **D**: MCF-7 treated for 24 hrs.](jcav04p0703g003){#F3}

![**Determination of the phytochemical effect on the invasiveness of MCF7 and MDA-MB-231 cell lines**. Cell invasiveness is demonstrated by Boyden chamber invasion assay. Images of Boyden chamber membranes (bottom panels) represent the number of invaded cells, illustrating the difference in invaded cell numbers. Note the reduction in invasion capability of MCF7 and MDA-MB-231 cell after 6-combination treatment. All data were performed in triplicate and in three independent experiments. Black bars represent MCF7 cells invasion, while the grey bars represent MDA-MB-231 cell invasion (student\'s two-tailed t-test, \*P\<0.05; \*\*P\<0.01, \*\*\*P\<0.001).](jcav04p0703g004){#F4}

![Molecular mechanisms of the 6-combination inhibitory actions on cell migration, invasion and induction of cell apoptosis in MCF-7 and MDA-MB-231 cell lines Cells were treated with the 6-combination for 48 hrs, protein lysates were collected and examined by western blot analysis as described under methods. All bands were quantified and normalized against β-Actin that was used as loading Control. Top panel: Synergistic down-regulation of cell proliferation marker PCNA and cell cycle regulators Rb, CDK4. Bottom panel: Down regulation of anti-apoptotic BcL-2, SVV and the cell metastatic marker cell adhesion molecule CD44 (marker of cell metastasis and BC stem cell marker) in both cell lines after 48hr from cell treatment with the 6 phytochemicals combination. Down-regulation of the MDA-MB-231 mutant P53 and up-regulation of P53 wild type in MCF7 was interestingly analyzed.](jcav04p0703g005){#F5}

###### 

**Microarray data of the 6-combination targeted genes,** showing a significant down-regulation at mRNA levels of anti-apoptotic proteins Bcl-2 and SVV, cancer cell migratory protein CD44, mutant p53, cell cycle regulatory proteins CDK4 and Rb. (negative values refer to fold change of down-regulated genes, the positive values refer to the fold change of up-regulated genes after the 6-combination treatment).

  Genes         6hr        12hr       24hr
  ------------- ---------- ---------- ----------
  CDK4          0.62       -0.01416   -1.3
  Bcl-2         -1.21018   -3.30757   -3.44386
  Rb            0.23648    0.14952    -0.64276
  mutant Tp53   0.68784    0.022082   -2.12756
  CD44          -0.62      -1.86      -2.4
  SVV           -0.42      -0.5       -1.6
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